Background {#Sec1}
==========

Primary percutaneous coronary intervention (PCI) remains the best option for patients presenting with an acute ST-segment elevation myocardial infarction (STEMI) \[[@CR1]\]. While the success rate in the reopening of the thrombotic occlusion can reach up to 95% \[[@CR2], [@CR3]\], failure to restore optimal blood flow in the infarct-related coronary artery (i.e., less than thrombolysis in myocardial infarction \[TIMI\]-3 flow \[[@CR4]\]) has been noted in 5--23% of patients and has been associated with adverse clinical outcomes \[[@CR3], [@CR5], [@CR6]\]. Many mechanisms have been hypothesized to explain this phenomenon, including the obstruction of epicardial coronary vessels (residual stenosis, thrombus, or dissection) and the disturbances at the level of coronary microcirculation and vascular endothelium (distal embolization of thrombotic materials and plaque debris, leukocyte infiltration, and reperfusion injury) \[[@CR7], [@CR8]\]. However, there is a lack of contemporary data on predictors and impacts of suboptimal TIMI flow; and there is still a lack of effective management strategies. We therefore looked at the predictors of suboptimal TIMI flow in patients undergoing primary PCI as well as its impact on 30-day clinical outcomes. Patients with acute anterior STEMI were included to minimize the impact of the left anterior descending (LAD) artery as a strong anatomical risk factor for the development of suboptimal coronary blood flow \[[@CR9]--[@CR11]\].

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

This retrospective observational study was performed in the cardiovascular department of First Affiliated Hospital of Xi'an Jiaotong University (Xi'an, China) and included all patients presenting with anterior wall STEMI from January 1, 2016 to December 31, 2018. Included patients were at least 18 years old, presented within 12 h of symptom-onset, and underwent primary PCI. The study was approved by the institutional ethics committee and informed written consent was obtained from all patients.

Anterior STEMI was defined as typical ischemic chest pain lasting ≥20 min with electrocardiographic (ECG) changes (ST-segment elevation ≥1 mm in ≥2 contiguous precordial leads other than V2 and V3 or new-onset left bundle branch block) with a rise in cardiac biomarkers peaking more than twice normal values \[[@CR12]\]. The diagnosis was confirmed by coronary angiography showing a LAD and/or left main (LM) lesion. Exclusions included patients with acute MI onset \> 12 h or unknown onset, post-CABG patients, or patients who received thrombolytic therapy or platelet glycoprotein IIb/IIIa receptor inhibitors prior to angiography so as not to affect the vessel patency and TIMI flow.

Study protocol {#Sec4}
--------------

Medical history, risk factors, physical examination, assessment of vital signs and Killip class, emergency and post-procedural ECG, echocardiography, and full laboratory investigations were obtained together with the related catheterization and PCI data. Information on the clinical outcomes was obtained from outpatient visits, emergency records, or telephone interviews.

Prior to the procedure, 300 mg chewable aspirin were given to the patients along with the recommended dose of ticagrelor or clopidogrel and a weight-adjusted bolus dose of heparin (100 units/kg). Other medications were managed according to the prudence of the doctor in charge and within the scope of local clinical approaches. The radial artery was routinely used in almost all cases. Primary PCI was done according to standard techniques \[[@CR13]\]. Implantation of a stent(s) to cover the culprit lesion was routinely implied unless the infarct-related artery (IRA) was heavily calcified or the reference luminal diameter was \< 2.5 mm; in these situations, a balloon percutaneous transluminal coronary angioplasty (PTCA) strategy was used. Second-generation drug-eluting stents (DES) were used in all cases with routine pre-dilation and post-dilation optimization. Intravascular ultrasound (IVUS) or optical coherence tomography (OCT) were utilized, if needed, in selected cases.

Two experienced interventional cardiologists evaluated each angiogram with emphasis on (1) the grade of the thrombus burden, (2) the total length of stents used to cover the target lesion, (3) the lesion location (proximal, mid, or distal), (4) the presence of calcification, and (5) the TIMI flow before and after the procedure. Final TIMI blood flow in the LAD artery was determined by two experienced cardiologists as follows: TIMI 0 flow (no perfusion) was the absence of antegrade flow distal to the point of occlusion; TIMI 1 flow (penetration without perfusion) was faint and incomplete perfusion of contrast medium around the thrombus; TIMI 2 flow (partial perfusion) was complete, but delayed perfusion of the distal coronary bed; and TIMI 3 flow (complete perfusion) was an antegrade flow to the entire distal bed at a normal rate \[[@CR4]\]. The diagnosis of suboptimal flow was further validated by the corrected TIMI frame count (CTFC) using the LAD artery standard landmark (the most distal branch nearest the apex, commonly referred as the whale's tail) and a cut-off value of ≤27 frames (quantitative TIMI 3 flow), with patients having CTFC \> 27 categorized as having suboptimal flow \[[@CR14]\]. *Suboptimal TIMI flow* was TIMI ≤2 flow and/or CTFC \> 27 after finishing the procedure, in the absence of dissection, residual stenosis, or spasm \[[@CR6], [@CR14]\]. *Thrombus burden* was categorized into 4 grades according to Siano et al.: Grade 0, no thrombus; Grade 1--3, small thrombus burden; and Grade 4, large thrombus burden \[[@CR15]\]. *Total ischemic time* was the time from symptom-onset to first balloon inflation.

Patients were subclassified according to the total length of the implanted stent(s) into 3 groups: (short, \< 29 mm; medium, 29--50 mm; and long, \> 50 mm) and examined for the relation between increasing total stent length and the occurrence of suboptimal flow and cardiac mortality.

Clinical outcomes {#Sec5}
-----------------

In this study, we compared the effect of the final TIMI flow on the short-term (30-day) clinical outcomes, including differences in cardiovascular mortality, major adverse cardiovascular events (MACE, defined as cardiac death, reinfarction, ischemia-driven target vessel revascularization, or ischemic stroke) and post-catheterization reassessment of general and cardiac status, examining for the development of pump failure, cardiogenic shock, mechanical complication, or malignant arrhythmias between the two study groups. A 12-lead ECG was recorded 45--60 min after the procedure and compared with the admission ECG. The arithmetic sum of ST-segment elevation measured at the J point was calculated from leads V1-V6 (± I, aVL). ST-segment resolution (STR) was classified as complete STR (regression ≥70%) or incomplete STR (unaltered or worsened ST elevation or regression \< 70%) \[[@CR16]\]. Transthoracic echocardiography was performed within 24 h after primary PCI; the left ventricular ejection fraction (LVEF) and volumes were estimated. The size of infarction was assessed depending on the measure of the peak serum creatine kinase (CK) value, which was obtained from 3 to 5 serial measurements taken routinely within the first 3 days of admission.

*Cardiovascular mortality* was defined as any death related to a proximate cardiac cause including arrhythmia, myocardial ischemia and infarction, pump failure, or cardiac arrest. *Reinfarction* was defined as repeated clinical symptoms or development of new ECG changes associated with a new rise of cardiac troponin (cTn) values \>99th percentile upper reference limit (URL) in patients with normal baseline values or an increase of cTn values \> 20% of the baseline value when above the 99th percentile URL \[[@CR12]\]. *Ischemia-driven target vessel revascularization (TVR)* was defined as repeated revascularization with PCI or coronary artery bypass surgery of the infarct-related artery driven by symptoms or objective evidence of ischemia \[[@CR13]\].

Statistical analysis {#Sec6}
--------------------

Statistical data were presented as means and standard deviations or medians and interquartile ranges (IQR) as appropriate. Categorical data were presented as numbers and percentages. Comparisons between groups (optimal vs. suboptimal flow) were made using the independent t-test or the Mann Whitney U-test for normally and non-normally distributed continuous variables, respectively. Categorical variables were compared using the Chi-square or Fisher's exact test, as appropriate. A stepwise multivariable logistic regression was used to determine the clinical and angiographic predictors of suboptimal TIMI flow. Variables that showed a marginal association with suboptimal flow on univariable testing (*P* ≤ 0.20) were entered in the multivariable logistic regression model. The variables considered in the model were: age, sex, weight, diabetes mellitus, hypertension, smoking, presenting features (heart rate, systolic and diastolic blood pressures, Killip class, and cardiac arrest), total ischemic time, ticagrelor use, lab findings (serum creatinine, triglycerides, HDL and LDL cholesterol, hemoglobin, high-sensitivity C-reactive protein, and hemoglobinA1c levels), angiographic findings (LM involvement, LAD lesion location, multivessel disease, thrombus burden grade, calcification, baseline TIMI 0/1), number of stents used, total stent length, and mean stent diameter. In the final regression model, only variables with a significant association with suboptimal flow (*P* \< 0.05) were included. Odds ratio (OR) and its 95% confidence intervals (CI) were calculated to identify the predictive strength of each variable. Propensity score (PS) matching was applied to identify a cohort of patients with comparable baseline clinical and angiographic features. A propensity score was first estimated for each patient by non-parsimonious multiple logistic regression analysis that included all variables listed in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}. The matching was then carried out with the use of the single nearest-neighbor matching without replacement, whereby the maximum allowed difference for a match was set at 0.05. This yielded two comparable groups with 214 patients in each group. The PS balance was assessed by comparing the standardized mean differences for the propensity score and the other covariates between the two groups before and after matching. For the measured covariates, an absolute standardized difference \< 0.1 indicated a negligible difference between the groups. Analyses in the PS-matched cohort were then performed using a paired t-test or the Wilcoxon signed-rank test for normally and non-normally distributed continuous variables, respectively; and categorical variables were compared using the McNemar's or Bowker's test of symmetry, as appropriate. Risk ratio (RR) and accompanying 95% confidence intervals (CI) were calculated to determine the probabilities of 30-days adverse clinical outcomes. Finally, the receiver-operating characteristic (ROC) curve analysis was used to define the best cut-off values for the total stent length consistent with both suboptimal flow and 30-day mortality. All *P*-values were two-sided. P-values ≤0.05 were considered as statistically significant. Data management and statistical analysis were done using SPSS vs.21. (IBM, Armonk, New York, the United States). Table 1Clinical characteristics of the overall populationVariablesSuboptimal flow (*n* = 245)Optimal flow (*n* = 859)*P* valueMean age (yrs)62.9 ± 12.857.3 ± 12.3\< 0.001Females, *n (%)*58 (23.7)127 (14.8)0.002Mean weight (kg)70.5 ± 1172.1 ± 120.064Hypertension, *n (%)*117 (47.8)390 (45.4)0.514Diabetes, *n (%)*55 (22.4)161 (18.7)0.197Smoking, *n (%)*114 (46.5)500 (58.2)0.001Previous IHD, *n (%)*22 (9.0)72 (8.4)0.767Previous CVS, *n (%)*15 (6.1)44 (5.1)0.539Total ischemic time, hr. Median (IQR)4.5 (3--8)5 (3--8)0.341Mean admission heart rate, bpm83.8 ± 13.282.5 ± 14.10.204Mean systolic blood pressure, mm Hg127.5 ± 22.9135.1 ± 21.3\< 0.001Mean diastolic blood pressure, mm Hg82.9 ± 12.887.5 ± 13.9\< 0.001Killip class \> 1, *n (%)*80 (32.7)163 (19.0)\< 0.001Cardiac arrest on presentation, *n (%)*17 (6.9)31 (3.6)0.024Mean serum Creatinine, umol/L69.12 ± 20.0465.79 ± 17.740.012Triglyceride, mmol/L, Median (IQR)1.2 (0.9--1.9)1.4 (1.0--2.0)0.067Mean HDL cholesterol, mmol/L1.01 ± 0.281.03 ± 0.270.133Mean LDL cholesterol, mmol/L2.55 ± 0.992.64 ± 0.930.198Mean Hemoglobin, g/L142.93 ± 18.4147.09 ± 17.180.001Mean Platelets count, (×10^9^/L)213.26 ± 63.53215.3 ± 65.750.665Mean White blood cells count, (× 10^9^/L)11.36 ± 3.9011.09 ± 3.940.359TNT-hs, ng/mL, Median (IQR)0.4 (0.09--1.5)0.4 (0.09--1.2)0.695Admission CK-MB, U/L, Median (IQR)42.0 (24.0--134.5)53(23.0--116.0)0.992NT-ProBNP, pg/mL, Median (IQR)223 (93.0--743.5)264 (89.0--735.3)0.774hsCRP, mg/L, Median (IQR)3 (1.25--7.3)2.6 (1.0--6.2)0.063Mean HemoglobinA1c%6.24 ± 1.476.09 ± 1.350.119Data are mean ± SD, Median (IQR), or number (%) of patients*IHD* Ischemic heart disease, *CVS* Cerebrovascular stroke, *HDL* high-density lipoprotein, *LDL* low-density lipoprotein, *CK-MB* Creatine kinase- myocardial band, *TNT-hs* Troponin T-high sensitive, *NT-ProBNP* N-terminal proB-type Natriuretic Peptide, *hsCRP* High-sensitivity C-reactive Protein, *IQR* inter-quartile rangeTable 2Angiographic data and primary PCI procedure of the overall populationVariablesSuboptimal flow (*n* = 245)Optimal flow (*n* = 859)*P* valueLeft main involvement, *n (%)*29 (11.8)72 (8.4)0.098Number of diseased vessels, *n (%)* One73 (29.8)263 (30.6) Two97 (39.6)309 (36.0)0.555 Three75 (30.6)287 (33.4)LAD lesion location, *n (%)* Proximal194 (79.2)624 (72.6) Mid47 (19.2)226 (26.3)0.062 Distal4 (1.6)9 (1.0)Thrombus burden grade 4, *n (%)*79 (32.2)123 (14.3)\< 0.001Moderate/severe calcification, *n (%)*28 (11.4)85 (9.9)0.485Initial TIMI ≤1, *n (%)*208 (84.9)572 (66.6)\< 0.001Approach, n (%) Radial232 (94.7)825 (96.0)0.357 Femoral13 (5.3)34 (4.0)Stents, *n (%)* PTCA3 (1.2)23 (2.7) One135 (55.1)555 (64.6)0.006 Two98 (40.0)266 (31.0) Three9 (3.7)15 (1.7)Total Stent length, mm40.7 ± 17.235.7 ± 14.2\< 0.001Mean stent diameter, mm3.02 ± 0.52.94 ± 0.60.067Bifurcation stenting, *n (%)*2 (0.8)3 (0.3)0.337P2Y12 inhibitor, *n (%)* Clopidogrel180 (73.5)607 (70.7)0.392 Ticagrelor65 (26.5)252 (29.3)Thrombus Aspiration, *n (%)*78 (31.8)193 (22.5)0.003IABP, *n (%)*37 (15.1)63 (7.3)\< 0.001Data are mean ± SD or number (%) of patients*LAD* Left anterior descending, *TIMI* thrombolysis in myocardial infarction, *PTCA* Percutaneous transluminal coronary angioplasty, *IABP* Intra-aortic balloon pump

Results {#Sec7}
=======

Clinical characteristics {#Sec8}
------------------------

As shown in (Fig. [1](#Fig1){ref-type="fig"}), a total of 1104 anterior STEMI patients were enrolled in this study; 245 (22.2%) had final TIMI flow ≤2 after primary PCI (suboptimal group) and 859 (77.8%) patients had final TIMI flow grade 3 (optimal group). The clinical features, risk factors, and laboratory data have been shown in Table [1](#Tab1){ref-type="table"}. Compared to patients with post-PCI TIMI-3 flow, patients with final suboptimal TIMI flow tended to be older with lower systolic and diastolic blood pressure, higher Killip class at admission, and higher prevalence of cardiac arrest in the emergency department. Additionally, female sex, less smoking, higher baseline serum creatinine, and lower hemoglobin levels were significantly associated with the occurrence of suboptimal post-PCI TIMI flow. On the other hand, there were no significant differences in the total ischemic time or other risk factors between the two study groups. Fig. 1Flowchart of the present study population *STEMI,* ST-elevation myocardial infarction; *CABG*, coronary artery bypass graft

Angiographic data and primary PCI procedure {#Sec9}
-------------------------------------------

As shown in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}, patients in the suboptimal group had low (≤1) initial TIMI flow, high TIMI thrombus burden grade after wiring, greater need for implantation of ≥1 stent, and longer mean implanted stent length. The glycoprotein IIb/IIIa receptor antagonist tirofiban and thrombus aspiration were used more often in patients with post-PCI TIMI ≤2 flow. The need for hemodynamic support and/or intravenous (IV) infusion of noradrenaline occurred more frequently in the suboptimal group. Intracoronary (IC) arteriolar vasodilators were used in all cases with TIMI ≤2 flow, whether transient or permanent, but were significantly utilized in the suboptimal group. Additionally, there was a non-significant trend in patients with suboptimal TIMI flow to have a proximal LAD or LM lesion location and a larger stent diameter. Conversely, there were no statistical differences in the number of diseased vessels, lesion calcification, or access site selection between the two groups. Table 3Cath-lab medications and post-procedural clinical parametersVariablesTotal populationPropensity-matched populationSuboptimal flow (*n* = 245)Optimal flow (*n* = 859)*P* valueSuboptimal flow (*n* = 214)Optimal flow (*n* = 214)*P* value**Medications used during primary PCI** Glycoprotein IIb/IIIa inhibitor, *n (%)*65 (26.5)99 (11.5)\< 0.00156 (26.2)40 (18.7)0.098 IC Nitroprusside, *n (%)*37 (15.1)56 (6.5)\< 0.00135 (16.4)5 (2.3)\< 0.001 IC Adrenaline, *n (%)*23 (9.4)28 (3.3)\< 0.00118 (8.4)11 (5.1)0.178 Atropine, *n (%)*27 (11.0)72 (8.4)0.20222 (10.3)26 (12.1)0.643 Noradrenaline, *n (%)*106 (43.3)128 (14.9)\< 0.00191 (42.5)35 (16.4)\< 0.001**Post-procedural clinical parameters** Creatine kinase peak, U/L, Median (IQR)5268 (3829.0--7422.0)4215 (2300.0--6409.0)\< 0.0015265 (3829.0--7422.0)4542 (2156.3--6740.5)0.002ST segment resolution, n (%)  \< 70%109 (44.5)315 (36.7)0.02697 (45.3)80 (37.4)0.108  \> 70%136 (55.5)544 (63.3)117 (54.7)134 (62.6)Mean Ejection Fraction (%)43.8 ± 6.246.2 ± 6.9\< 0.00143.71 ± 6.4145.34 ± 7.480.015Hospital stay (days), Median (IQR)4 (3--6)4 (3--5)\< 0.0014 (3--6)4 (3--6)0.864Data are mean ± SD, Median (IQR), or number (%) of patients*IC* intracoronary, *IQR* inter-quartile range

Baseline clinical and angiographic characteristics of the PS-matched population {#Sec10}
-------------------------------------------------------------------------------

After performing PS matching, a total of 214 matched patient pairs were created. In the matched cohort, there were no significant differences in baseline clinical or angiographic characteristics (data are presented in Tables [4](#Tab4){ref-type="table"} and [5](#Tab5){ref-type="table"}). However, IC sodium nitroprusside and IV infusion of noradrenaline were used more frequently in the suboptimal group (Table [3](#Tab3){ref-type="table"}). Table 4Clinical characteristics of the propensity-matched populationVariablesSuboptimal flow (*n* = 214)Optimal flow (n = 214)*P* valueMean age (yrs)61.75 ± 12.863.60 ± 12.60.131Females, *n (%)*48 (22.4)58 (27.6)0.229Mean weight (kg)70.50 ± 12.2068.72 ± 11.70.127Hypertension, *n (%)*103 (48.1)114 (53.3)0.338Diabetes, *n (%)*43 (20.1)40 (18.7)0.801Smoking, *n (%)*102 (47.7)106(49.5)0.769Previous IHD, *n (%)*20 (9.3)30 (14)0.175Previous CVS, *n (%)*14 (6.5)16 (7.5)0.855Total ischemic time, hr. Median (IQR)5 (3--8)4 (3--7)0.548Mean admission heart rate, bpm83.96 ± 13.382.44 ± 14.80.252Mean systolic blood pressure, mm Hg129.17 ± 22.6131.54 ± 21.50.232Mean diastolic blood pressure, mm Hg83.57 ± 12.983.85 ± 13.20.82Killip class \> 1, *n (%)*66 (30.8)57 (26.6)0.380Cardiac arrest on presentation, *n (%)*12 (5.6)13 (6.1)0.837Mean serum Creatinine, umol/L68.56 ± 19.567.81 ± 19.10.68Triglyceride, mmol/L, Median (IQR)1.27 (0.93--1.9)1.20 (0.90--1.9)0.622Mean HDL cholesterol, mmol/L1.01 ± 0.280.97 ± 0.290.170Mean LDL cholesterol, mmol/L2.60 ± 1.022.46 ± 0.910.122Mean Hemoglobin, g/L144.29 ± 18.07142.06 ± 18.350.171Mean Platelets count, (×10^9^/L)213.68 ± 60.59214.96 ± 70.240.840Mean White blood cells count, (×10^9^/L)11.30 ± 3.9211.46 ± 4.240.690TNT-hs, ng/mL, Median (IQR)0.4 (0.1--1.5)0.33 (0.08--1.085)0.150Admission CK-MB, U/L, Median (IQR)41.5 (25.75--131.5)48.0(21--102.5)0.492NT-ProBNP, pg/mL, Median (IQR)223 (93.75--722.5)250 (90.75--847.5)0.061hsCRP, mg/L, Median (IQR)2.9 (1.2--6.88)3.3 (1.1--8.5)0.396Mean HemoglobinA1c %6.11 ± 1.315.99 ± 1.10.270Data are mean ± SD, Median (IQR), or number (%) of patients*IHD* Ischemic heart disease, *CVS* Cerebrovascular stroke, *HDL* high-density lipoprotein, *LDL* low-density lipoprotein, *CK-MB* Creatine kinase- myocardial band, *TNT-hs* Troponin T-high sensitive, *NT-ProBNP* N-terminal proB-type Natriuretic Peptide, *hsCRP* High-sensitivity C-reactive Protein, *IQR* inter-quartile rangeTable 5Angiographic data and primary PCI procedure of the propensity-matched populationVariablesSuboptimal flow (*n* = 214)Optimal flow (*n* = 214)*P* valueLeft main involvement, *n (%)*24 (11.2)15 (7)0.188Number of diseased vessels, *n (%)* One68 (31.8)73 (34.1) Two79 (36.9)71 (33.2)0.865 Three67 (31.3)70 (32.7)LAD lesion location, *n (%)* Proximal166 (77.6)178 (83.2) Mid44 (20.6)36 (16.8)0.082 Distal4 (1.9)0 (0)Thrombus burden grade 4, *n (%)*60 (28)60 (28)1.0Moderate/severe calcification, *n (%)*22 (10.3)33 (15.4)0.161Initial TIMI ≤1, *n (%)*178 (83.2)165 (77.1)0.118Approach, n (%) Radial207 (96.7)203 (94.9)0.335 Femoral7 (3.3)11 (5.1)Stents, *n (%)* PTCA0 (0)0 (0) One123 (57.5)133 (62.1)0.241 Two83 (38.8)76 (35.5) Three8 (3.7)5 (2.3)Total Stent length, mm39.99 ± 17.2837.53 ± 14.970.106Mean stent diameter, mm3.03 ± 0.363.06 ± 0.370.512Bifurcation stenting, *n (%)*2 (0.9)2 (0.9)1.0P2Y12 inhibitor, *n (%)* Clopidogrel154 (72.0)153 (71.5)0.915 Ticagrelor60 (28.0)61 (28.5)Thrombus Aspiration, *n (%)*64 (29.9)77 (36.0)0.208IABP, *n (%)*24 (11.2)20 (9.3)0.635Data are mean ± SD or number (%) of patients*LAD* Left anterior descending, *TIMI* thrombolysis in myocardial infarction, *PTCA* Percutaneous transluminal coronary angioplasty, *IABP* Intra-aortic balloon pump

Independent predictors of suboptimal flow {#Sec11}
-----------------------------------------

Multivariable stepwise logistic regression analysis identified thrombus burden grade (OR 1.848; 95% CI 1.532--2.229, *p* \< 0.001), older patient age (OR 1.039 per 1-year increase; 95% CI 1.026--1.052, p \< 0.001), lower systolic blood pressure (OR 1.017 per 1 mmHg decrease; 95% CI 1.009--1.025, *p* \< 0.001), increased total stent length (OR 1.021 per 1 mm increase; 95% CI 1.011--1.032, p \< 0.001), and baseline TIMI flow ≤1 (OR 1.674; 95% CI 1.094--2.562, *p* = 0.018) as independent predictors of suboptimal flow after primary PCI in patients with anterior STEMI (Table [6](#Tab6){ref-type="table"}). Table 6Multivariable logistic regression analysis of predictors of suboptimal flow after primary PCIVariablesOR95% CI for OR*P* valueThrombus burden, grade1.8481.532--2.229\< 0.001Age, per 1-year increase1. 0391.026--1.052\< 0.001Systolic blood pressure, per 1 mmHg decrease1.0171.009--1.025\< 0.001Total stent length, per 1 mm increase1.0211.011--1.032\< 0.001Baseline TIMI flow ≤11.6741.094--2.5620.018*OR* Odds ratio, *95% CI* 95% Confidence interval*TIMI* thrombolysis in myocardial infarction

30-day clinical outcomes {#Sec12}
------------------------

The suboptimal group had higher peak CK value, worse LVEF after PCI, lower rates of complete ST-segment resolution, and more prolonged hospital stay than the optimal group (Table [3](#Tab3){ref-type="table"}).

The 30-day clinical outcomes of the total population have been shown in Table [7](#Tab7){ref-type="table"}. Patients with final TIMI flow ≤2 had more 30-day MACE (13.9% vs. 6.1%; unadjusted RR 2.416, 95% confidence interval \[CI\] 1.522--3.833, p \< 0.001), cardiac death (7.3% vs. 2.2%; unadjusted RR 3.506, 95% CI 1.810--6.790, p \< 0.001), and a higher 30-day incidence of myocardial infarction (7.3% vs. 3.5%; unadjusted RR 2.118, 95% CI 1.163--3.856, *p* = 0.014) and need for repeat revascularization (6.1% vs. 3.3%; unadjusted RR 1.936, 95% CI 1.017--3.685, *p* = 0.044). In sub-group analysis, it was observed that patients with longer total implanted stent length had significantly higher rates of both final suboptimal flow (*P* \< 0.001) and 30-day cardiac mortality (*P* = 0.021), (Fig. [2](#Fig2){ref-type="fig"}). Table 730-day clinical outcomesVariablesTotal populationPropensity-matched populationSuboptimal flow (*n* = 245)Optimal flow (*n* = 859)Unadjusted RR (95% CI)*P* valueSuboptimal flow (n = 214)Optimal flow (n = 214)Adjusted RR (95% CI)*P* valueMACE, n (%)34 (13.9)52 (6.1)2.416 (1.522--3.833)\< 0.00129 (13.6)14 (6.5)2.021 (1.097--3.535)0.025Mortality (cardiac), n (%)18 (7.3)19 (2.2)3.506 (1.810--6.790)\< 0.00115 (7.0)5 (2.3)2.931 (1.073--7.442)0.031Re-infarction, n (%)18 (7.3)30 (3.5)2.118 (1.163--3.856)0.01417 (7.9)8 (3.7)2.060 (0.905--4.438)0.108Revascularization, n (%)15 (6.1)28 (3.3)1.936 (1.017--3.685)0.04414 (6.5)6 (2.8)2.271 (0.889--5.465)0.115Ischemic stroke, n (%)1 (0.4)3 (0.3)1.169 (0.122--11.185)0.8921 (0.5)0 (0)NA0.995Cardiogenic shock, n (%)33 (13.5)45 (5.2)2.829 (1.761--4.545)\< 0.00125 (11.7)12 (5.6)2.061 (1.040--3.852)0.039Heart Failure, n (%)84 (34.3)164 (19.1)2.211 (1.615--3.026)\< 0.00169 (32.2)48 (22.4)1.412 (1.024--1.866)0.036Malignant arrhythmias, n (%)42 (17.1)88 (10.2)1.813 (1.217--2.701)0.00337 (17.3)20 (9.3)1.850 (1.119--2.914)0.017Bradyarrhythmias, n (%)27 (11.0)65 (7.6)1.513 (0.943--2.428)0.08422 (10.3)19 (8.9)1.143 (0.629--1.997)0.655Bleeding, n (%)14 (5.7)34 (4.0)1.471 (0.776--2.787)0.23710 (4.7)7 (3.3)1.360 (0.517--3.417)0.529Data are number (%) of patients*RR* Risk ratio, *95% CI* 95% Confidence interval, *MACE* Major adverse cardiovascular events (cardiac death, reinfarction, ischemia-driven target vessel revascularization, or ischemic stroke)Fig. 2Relationship of total deployed stent(s) length with rates of final suboptimal flow and 30-day cardiac mortality

In the PS-matched cohort, the overall findings were similar. Patients in the suboptimal group had higher peak CK value and worse LVEF post-PCI (Table [3](#Tab3){ref-type="table"}). Cumulative rates of 30-day MACE occurred in 13.6% of anterior STEMI patients with suboptimal TIMI flow vs 6.5% of patients with final TIMI flow 3 (adjusted RR 2.021, 95% CI 1.097--3.535, *P* = 0.025). Cardiac mortality was higher in STEMI patients with suboptimal TIMI flow (7.0% vs. 2.3%, adjusted RR 2.931, 95% CI 1.073--7.442, *P* = 0.031). However, there were no significant differences in myocardial infarction (*P* = 0.108), TVR (*P* = 0.115), ST-segment resolution (P = 0.108), or total hospital stay (*P* = 0.864) between the two groups (Tables [3](#Tab3){ref-type="table"} and [7](#Tab7){ref-type="table"}).

Discussion {#Sec13}
==========

The present study identified certain independent predictors of suboptimal TIMI flow and evaluated short-term outcomes of 1104 anterior STEMI patients treated with primary PCI at a median of 5 h after symptom-onset.

The main features of the study can be summarized as follows:

\(1\) Despite the constant development of PCI techniques, pharmacotherapeutics and interventional devices in the current era, failure to achieve normal TIMI flow occurred in almost one-quarter of anterior STEMI patients and was associated with patient-specific factors (advanced age and low admission systolic blood pressure) and angiographic/procedural factors (baseline TIMI ≤1flow, heavy thrombus burden, and increased total deployed stent length). (2) The 30-day cardiac mortality and MACE rates were significantly greater in patients with TIMI flow ≤2 versus TIMI-3 flow as well as a lower LVEF; increased total CK (indicating larger infarct size); and more frequent heart failure, cardiogenic shock, and malignant arrhythmias.

This study is unique in that it included only patients with acute anterior STEMI having the LAD as the culprit artery and who were presented within 12 h of symptom-onset. Strong points of this study are the relatively large number of patients and the implementation of modern interventional and therapeutic strategies known to improve the outcomes of STEMI patients, including 2nd generations DES, non-compliant (NC) balloon post-dilation, dual antiplatelet therapy, availability of intracoronary imaging, and minimization of the door-to-balloon time. Previous studies were mainly conducted in the era of bare-metal stents or 1st generations DES and included all STEMI patients (not just anterior STEMI) with a time interval extended up to 24 h \[[@CR9]--[@CR11], [@CR17]\]. This may in part explain the relatively high rate of suboptimal flow observed in our study (22.2%) compared with previously published rates (5--23%) \[[@CR3], [@CR5]\]. Many studies have illustrated the relationship between larger infarct size and the increased prevalence of suboptimal flow \[[@CR11], [@CR18]\]; an IRA lesion in the proximal LAD typically accounts for the largest myocardial infarctions \[[@CR18]\].

Clinical and angiographic predictors of suboptimal flow {#Sec14}
-------------------------------------------------------

In our study, older patients and those with lower blood pressure had higher rates of suboptimal flow post-PCI. Older patients have more diffuse atherosclerosis, increased calcification, and more distal microembolization \[[@CR17]\]. Besides, earlier studies noted that advanced age, LVEF \< 50%, increased heart rate, and lower systolic blood pressure (\< 90 mmHg) were predictors of suboptimal TIMI flow and higher in-hospital mortality \[[@CR19]--[@CR21]\].

Primary PCI in the setting of a ruptured plaque with thrombus and atherosclerotic debris leads to distal embolization of microthrombi and plaque contents \[[@CR22]\]. This distal microembolization results in increased distal resistance, multiple microinfarcts, and more myocardial necrosis leading to a reduction of coronary blood flow \[[@CR23]\]. In our study, heavy thrombus burden was a powerful independent predictor of suboptimal coronary blood flow post-primary PCI. Conversely, De Luca et al. noted that suboptimal coronary flow can happen even in acute STEMI with minimal thrombus burden, but with longer reperfusion times. Prolonged ischemia can adversely affect the microvascular circulation leading to the development of suboptimal flow \[[@CR24]\]. However, in our study, there was no correlation between total ischemic time and final TIMI flow, inconsistent with some \[[@CR10], [@CR17]--[@CR19]\], but not all previously published studies \[[@CR9], [@CR25]\].

The mean total stent length in the present study was 36.8 mm, noticeably longer than most previous studies \[[@CR9], [@CR17]\]. In addition, we performed routine balloon pre-dilation and NC balloon post-dilation after stent deployment to achieve optimum stent expansion and angiographic results. This increasingly used PCI strategy may also help to explain the higher prevalence of suboptimal flow in our contemporary practice. Longer stents and the use of pre- and post-dilation increase the likelihood of mechanical fragmentation with subsequent dislodgement of thrombus and plaque components \[[@CR26]\].

In the present study, baseline TIMI flow ≤1 was associated with a final suboptimal flow. This finding is reinforced by the findings of preceding studies which clarified that early and adequately patent IRA is associated with smaller infarct size and enhanced endogenous lysis of thrombotic material meaning lower thrombotic burden and decreased incidence of coronary spasm, distal microembolization and microvascular disruption which are the main mechanisms for suboptimal TIMI flow \[[@CR9], [@CR10], [@CR24]\].

Modifiable risk factors and clinical implications {#Sec15}
-------------------------------------------------

Our findings together with previously published reports emphasize suboptimal coronary blood flow after primary PCI as a main indicator of adverse outcomes. Therefore, early recognition and control of risk factors and proper management of suboptimal TIMI flow are extremely necessary \[[@CR27]\]. In the present study, we identified heavy thrombus burden, low admission systolic blood pressure, use of longer stents, and baseline TIMI flow ≤1 as significant and independent risk factors of developing suboptimal flow.

Properly managed heavy thrombus burden with liberal use of Glycoprotein IIb/IIIa receptor antagonists, aspiration catheters, distal protection devices or mesh-covered embolic protection stents, especially in the presence of other risk factors such as old age and a long target lesion, may improve distal TIMI flow and outcomes in the high-risk patients \[[@CR28], [@CR29]\]. An alternative strategy suggested by Isaaz et al. is to give glycoprotein IIb/IIIa inhibitors or low dose thrombolytic therapy and delay stenting if a satisfactory antegrade flow is obtained by pre-dilation alone \[[@CR30]\].

Longer stent length has been described to be associated with worse outcomes \[[@CR31]\], but little is known about the impact of DES length on suboptimal flow and outcomes in patients with acute STEMI. We categorized patients according to the length of the deployed stent(s) vs suboptimal flow and mortality (Fig. [2](#Fig2){ref-type="fig"}). We noted that the rates of suboptimal flow almost doubled (16.0% vs. 31.7%, *P* \< 0.001) and mortality rates tripled (1.9% vs. 5.5%; *p* = 0.019) in patients with longer (total stent length \> 50 mm) stents compared to patients with stent length \< 29 mm. This suggests an approach of covering the culprit lesion with the shortest stent possible, avoiding unnecessary balloon dilations, and use direct or deferred stenting if feasible \[[@CR17]\].

Patients presenting with hypotension and cardiogenic shock are more likely to experience suboptimal flow. Pharmacological management of suboptimal flow in these cases may be challenging, as most of the agents used to reverse the suboptimal flow are vasodilatory and may cause further hypotension. Adequate management of hypotension with vasopressors, IABP, or other hemodynamic support devices in high-risk patients may help to maintain adequate coronary perfusion pressure and overcome microvascular obstruction to improve distal TIMI flow and primary PCI outcomes \[[@CR19], [@CR20]\]. Similarly, restoring patency of the IRA as soon as possible is strongly linked to better outcomes \[[@CR9], [@CR10]\]. Despite being the best option to achieve IRA patency, primary PCI may not be readily available in all institutions or all geographical regions; in that case the administration of glycoprotein IIb/IIIa inhibitors or thrombolytic therapy may be considered to achieve early patency of the IRA when primary PCI is not available or the transfer time is presumed to be prolonged.

There is currently no effective treatment for suboptimal flow, and it is still safer to try to avoid the development of suboptimal flow than to manage it when it is established. Measures should be implied to increase public awareness of the symptoms of heart attacks and the importance of seeking immediate medical care. In addition, efforts to minimize the door-to-balloon time in conjunction with improvements in adjunctive pharmacotherapeutics and interventional techniques are urgently required to help the prevention of this abnormality.

Study limitations {#Sec16}
-----------------

There are several potential limitations to the current study. First, it is a single-center retrospective study. The results are therefore affected by some confounding factors and possible selection bias. Propensity matching and appropriate statistical adjustments were performed to control this limitation, but the influence of some unmeasured confounders cannot be eliminated completely. Second, patients who received thrombolytic therapy or platelet glycoprotein IIb/IIIa receptor inhibitors prior to angiography were excluded. In addition, at the time the study was performed, novel anti-platelets (ticagrelor and prasugrel) were administered to a relatively small number of patients, the use of such therapies could have an impact on thrombotic events and would have decreased the incidence of suboptimal flow. Third, we did not assess myocardial blush. Fourth, we did not evaluate microvascular obstruction using specific diagnostic techniques such as cardiac magnetic resonance imaging, contrast echocardiography, or nuclear imaging. Fifth, we did not perform direct stenting; and we used routine balloon pre- and post-dilatation in almost all cases. Finally, long-term follow up was not available.

Conclusions {#Sec17}
===========

Suboptimal TIMI flow is the last barrier before the achievement of successful reperfusion after primary PCI. In the present study, failure to restore normal TIMI-3 flow occurred in 22.2% of patients presenting with anterior STEMI and was associated with patient-related (advanced age) and other potentially modifiable risk factors (thrombus burden grade, admission systolic blood pressure, total stent length, and baseline TIMI flow). Absence of final TIMI-3 flow after primary PCI carried worse short-term outcomes and increased 30-day mortality compared to patients in whom TIMI flow was normalized by primary PCI.
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